130-350 nm, as evidenced from the high-angle annular dark-field STEM imaging. During the heterojunction formation, S is doped in the TiO 2 layer causing the high density of electrons in TiO 2 that migrate to the MoS 2 layer inducing n-type doping in it and thus TiO 2 acts as an efficient photocathode in the photoelectrocatalysis. Quantitative XPS analysis reveals that the catalytically active bridging S 2 2− /apical S 2− increases up to ~72% after the formation of the ternary system (Pt@MoS 2 /TiO 2 (B). S-enriched MoS 2 /TiO 2 (B) selectively loaded with Pt NPs on the edge sites of MoS 2 exhibits a giant enhancement in the HER activity in an acidic medium under the light. We record nearly 16 fold higher exchange current density (0.296 mA/cm 2 ) for the ternary system as compared to the MoS 2 /TiO 2 binary system under visible light excitation. The marginal Pt loaded ternary system exhibits an extremely low charge transfer resistance (14Ω) and low overpotential as well as Tafel slope (-74 mV and 30 mV dec -1
Introduction
The fast-rising energy crisis and environmental pollution is driving the development of new, sustainable, pollution-free sources that can be used on an industrial scale. Hydrogen is believed to be one of the most promising alternatives to fossil fuels and a source of renewable green energy due to its high energy density and carbon-free combustion emission.
Solar-light-driven electrocatalysis using semiconductor TiO 2 and its heterostructures (HSs)
is one of the most promising sustainable technologies for the generation of hydrogen by water splitting. [1] [2] [3] [4] [5] [6] [7] To make the system commercially viable, the electrocatalyst should be solar light active, efficient and highly stable. To broaden the light harvesting window from UV to visible/NIR and increase the catalytic activity, numerous strategies have been explored, including impurity doping [8] [9] [10] [11] , staggered-type HSs 12, 13 and TiO 2 -based plasmonic
HSs with noble metal nanoparticles (NPs) [14] [15] [16] [17] [18] etc. In a heterostructured system, the presence of a heterojunction modifies the band positions as well as their inclination at the interface facilitating the migration of photogenerated charge carriers through the heterojunctions, which makes a highly efficient electrocatalyst. 19 Though platinum (Pt) group noble metals are the most efficient conventional electrocatalysts, their extremely high cost and scarcity in nature hinder their industrial-scale usage. 20 Graphene-based two-dimensional (2D) transition metal dichalcogenide nanosheets, especially MoS 2 based heterostructures, have recently received much attention as a noble-metal-free catalyst and an anode material for energy storage device. [21] [22] [23] [24] [25] [26] Recently, Pi et al. 27 demonstrated an extraordinary catalytic performance by TiO 2 nanostructure decorated with 1T-MoS 2 nanosheets under solar light. Thus, MoS 2 has now been recognized as an efficient co-catalyst incorporated with TiO 2 nanostructures due to its structural anisotropy, chemical inertness, good electroconductivity, and efficient catalytic properties. [28] [29] [30] Theoretical and experimental studies found that the HER ability of MoS 2 mainly derives from the edge sites of its 2D layers, whereas the basal planes are catalytically inert, limiting its overall performance. 31 Thus, tuning the architecture of MoS 2 to preferentially edge-exposed sites, semiconducting (2H) to metallic (1T) phase transformation, introduction of vacancies and incorporation with metal NPs are the synergistic strategies for the enhancement of HER activity. [32] [33] [34] [35] Recently, edge-site-activated ultra-thin MoS 2 nanostructures with optimum defect density, especially S-vacancies, have been identified as tunable active sites to stimulate the originally inert basal plane for the HER. 36, 37 Although these edge sites and defects in the MoS 2 lattice may introduce additional active sites on its basal plane, their incorporation hampers the electron transport properties, leading to low overall HER activity. Zhou et al. 38 and Li et al. 28 have modified the morphology of TiO 2 from ultra-small spherical NPs to long nanobelts (NBs) and employed few-layer MoS 2 nanosheets on them with the high catalytic surface area, which in turn enhanced the hydrogen generation efficiency synergistically. A few groups considered conductive carbon fiber cloths to decorate vertically aligned and preferentially edge-site- 
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. However, the system was not well characterized and the performance of the composite system was comparable or inferior to that of binary systems.
Unlike the earlier reports, we have chosen a porous TiO 2 (B) nanobelt as a novel platform for the growth of edge site exposed few-layer MoS 2 . Subsequently, Pt NPs are preferentially decorated at the edge sites of MoS 2 and porous sites of TiO 2 (B) with ultralow concentration.
To the best of our knowledge, a thorough understanding of such a ternary system and its visible light PEC activity has not been explored in the literature. In particular, the role of individual components in a ternary system needs to be addressed to exploit its application in 
Experimental procedure

Preparation of TiO 2 NBs
Anatase TiO 2 nanopowder, ethylene glycol, and sodium hydroxide (NaOH) pellets were used in our experiments as received from Merck without any further purification. In a typical synthesis, 0.2 g of anatase TiO 2 powder (average particle size ~ 80 nm) was mixed vigorously in a 50 ml aqueous NaOH solution (10 M) with an equal volume of ethylene glycol. Next, the mixed white solution was transferred into a Teflon-lined autoclave (Berghof, BR-100) and the solution temperature was maintained at 220 °C monitored with a thermocouple inserted into the Teflon chamber for 16 hr with a constant magnetic stirring at 500 rpm. The resultant precipitates were washed thoroughly with DI water and 0.1 N HCl to reduce its pH to 7, which ensures the full exchange of Na + by H + ions. Then, the obtained Htitanate NBs were calcined at 500 °C for 5 h in air to get porous TiO 2 (B) NBs.
Growth of MoS 2 /TiO 2 NBs heterostructures
Typically, 20 mg of TiO 2 (B) NBs powder was homogeneously dispersed into 40 ml of Milli-Q water in a bath sonication for 30 min. Next, 60 mg sodium molybdate (Na 2 MoO 4 ·2H 2 O) and 120 mg thioacetamide (C 2 H 5 NS) as a source of Mo and S, respectively were dissolved in the above dispersion. 45 The mixture was then treated in a 
Characterization techniques
The crystal structure of the as-grown catalysts was studied using an X-ray powder diffractometer (XRD) pattern (Rigaku RINT 2500 TTRAX-III, Cu kα radiation).
Crystallinity and phase composition of the as-synthesized NRs and the number of layers in which is reported to be superior for the enhanced HER activity. 22 However, in the case of PTB, most of the Pt NPs are preferentially attached to the porous sites of TiO 2 nanostructures. 
Structural analysis
XRD analysis
Raman analysis
In order to investigate the crystallinity, phase and layer numbers in as-grown catalysts, micro-Raman analysis has been conducted, as shown in , as shown in Fig. 4 In PMSTB, A 1g mode exhibits a further redshift of 1 cm -1 with a larger FWHM, indicating the n-doping effect in MoS 2 lattice. This can be understood from the band bending at the interfaces of MoS 2 and TiO 2 , facilitating the electron transfer from the TiO 2 to MoS 2 side, which will be discussed later.
XPS analysis
The chemical valence state, the stoichiometric ratio of the systems and the surface defects present in pristine catalysts and their HS were investigated by the XPS analysis. The 47, 48 Ting et al. 55 demonstrated that the catalytic reactivity, as well as the turnover frequency of hydrogen production, increases almost linearly with increasing the amount of bridging S 2 2− /apical S 2− in the catalysts. In the present case, pristine MS exhibits S atoms with bridging S 2 2− /apical S 2− as 39.1% which is found to be increased to 54.4%, after its growth on porous TB, as shown in Fig. 5(a,b) . Therefore, the TB NBs not only facilitate the fewlayer growth of MoS 2 with edge-exposed sites but also serve as an effective platform for mediating the evolution of MoS 2 with more bridging S 2 2− /apical S 2− to promote the enhanced HER activity. It is noteworthy that after Pt NP decoration on MSTB, the bridging S 2 2− /apical S 2− increases dramatically to 72.2%, as shown in Fig. 5(c) . Thus, it is clear that the Pt NP plays a crucial role to increase the bridging S 2 2− /apical S 2− amount in the HS and eventually in the superior HER performance. 55 Fig . 6(a-d) displays the O 1s XPS spectra of TB, MSTB, PTB and PMSTB, respectively. The spectra corresponding to pristine TB and PTB possess a long tail towards the higher-energy region making the spectra asymmetric in nature. In addition, MSTB and PMSTB exhibit exceptionally-broad O 1s spectra implying the presence of defects or impurity on its surface. Each O 1s spectra can be fitted with three symmetric Gaussian peaks, as reported in the literature. 56 The first peak at ~530.1 eV is attributed to the 
UV-Vis absorption and photoluminescence study
To investigate the solar energy harvesting efficiency, the pristine and the HS catalysts were analyzed by UV-visible diffuse reflectance spectroscopy (DRS). NFs are closely spaced, which enables high plasmonic excitation generated in the numerous hotspots, and results in high absorption. Interestingly, the absorption edge of the TiO 2 NBs is observed to be red shifted after decoration of MoS 2 NFs as well as Pt NPs. With Pt NPs, the absorption edge of the TiO 2 is red shifted to ~380 nm from ~360 nm. In case of MSTB, it is further redshifted to ~402 nm, which implies an efficient band bending at the interface arising from the strong coupling between the porous TiO 2 and wrapped MoS 2 layers. Sdoping in TiO 2 lattice may also be attributed to this red shift. 47 However, maximum red shift is observed in PMSTB (~471 nm), which may be attributed to the strong coupling between each pair of the components MoS 2 -Pt, MoS 2 -TiO 2 , and Pt-TiO 2 . Thus, the HSs are expected to be extremely sensitive to the visible-NIR light and would be beneficial for the efficient visible light photoelectrocatalytic hydrogen evolution. Additionally, PMSTB shows a relatively broader PL spectrum indicating the contribution from the hydroxyl group attached to the TiO 2 surface, which is consistent with the XPS analysis. Fig. 8(a,b) and the corresponding Tafel slopes are shown in Fig. 8(c,d) , respectively. Note that the our results are nearly independent of scan rates in the range 2-10 mV/s (see Fig. S9 and Table S1 , Supporting Information) and the presented data corresponds to a scan rate of 5mV/s. As shown in Fig. 8(a) , the HER for pristine TiO 2 NBs starts at a potential of -623 mV and -616 mV (versus RHE) under dark and light, respectively, above which the current increases drastically. In spite of very low overall current density, TB presents a HER overpotential (to attain -10 mA/cm 2 current density) of -796 mV under light at a current density of 10 mA/cm 2 , which is positively shifted by 87 mV as compared to that under dark. The pristine few-layer MoS 2 exhibits much enhanced current density with low onset potential of -246 mV, which reduces to -193 mV after light illumination. The overpotential is observed to be -425 mV and -395 mV under dark and light, respectively (see Table 2 ). Interestingly, in MSTB the uniform decoration of edge-exposed few-layer MoS 2 on the porous sites of TiO 2
Hydrogen evolution reaction (HER) study
NBs decreases the onset potential to -215 mV in dark, which further reduces to -178 mV after irradiation with visible light as compared to that of bare TiO 2 and MoS 2 nanostructures.
In MSTB, the overpotentials are calculated to be -336 mV and -305 mV under dark and light conditions, respectively. Thus, it can be concluded that more carriers are being generated in MSTB with light irradiation, which augments the reduction process of electroadsorbed protons. The introduction of merely ~1.4 wt% Pt NP on the TB, MS, and MSTB results in a dramatic reduction in the onset potential towards HER reaction. For PMS, it is measured to be -76 mV and -66 mV, while for PTB it is observed at -45 mV and -41 mV, under dark and light, respectively. In case of PMSTB, onset potential under dark is measured to be -40 mV, which is dramatically reduced to -9 mV after light irradiation, which essentially outperforms the commercial Pt/C electrode (-48 mV) with much higher Pt content. The summary of the performance of various catalysts is presented in Table 2 . As evident from the table, the PMSTB exhibits exceptionally low overpotential under the light, -74 mV, which is much lower (by 23 mV) than the value measured in dark (-97 mV) and this is further lower than the commercial Pt/C electrode (-106 mV). Thus, a dramatic enhancement in the photogenerated charge carriers, as well as reduced charge transfer resistance, is expected in the systems after the Pt NP decoration, which serves as favorable nodes with large electron-accepting and buffering properties to facilitate electron transport, which in turn improve the overall conductivity. 4 Tafel slopes of all the samples in both dark and light (in mV decade -1 ), estimated from the linear fit of overpotential and logarithmic function of current density (log|j|), are shown in Fig. 8(c,d ) and tabulated in Table 2 . Lower Tafel slopes not only reveal about the ratedetermining step of the hydrogen evolution electrocatalysis mechanism but are also desirable to minimize the energy input required to achieve a targeted HER current density. From Table 2 . After Pt NP loading on MS, TB, and MSTB, the Tafel slope is observed to be decreased drastically, as demonstrated in Fig. 8(d , ~40 mV dec -1 , and ~30 mV dec -1 are allocated to Volmer, Heyrovsky and Tafel reactions being the HER rate-determining step, respectively. 60, 61 . In our case, the Tafel slopes of all the HSs photocatalysts (MSTB, PMS, PTB, and PMSTB) fall between the Volmer mechanism and the Tafel mechanism indicating that the Volmer−Tafel mechanism plays the predominant role in the catalysts' HER kinetics. 62 The lowest Tafel slope found for PMSTB under visible light illumination (i.e. enhanced HER kinetics) consequently supports its high HER performance.
Electrochemical impedance spectroscopy (EIS) is a powerful technique to
characterize interface reactions and heterogeneous electron transfer process in HER. . In dark, the R ct is calculated to be lower for MSTB (102 Ω) as compared to the pristine TB (527 Ω) as well as MS (132 Ω). Interestingly, after the Pt NP decoration, the R ct dramatically reduces to 36 Ω, 33 Ω and 27 Ω for PMS, PTB, and PMSTB, respectively, under dark. The R ct values of all catalysts are decreased even further upon illumination, indicating the presence of photogenerated carriers in these electrodes, as tabulated in Table 2 and Fig. 9(e Thus, the aforementioned enhanced HER performance of MSTB is a result of the efficient charge transport and favorable HER kinetics at the interface of the HS components, which is further enhanced after decoration with Pt NP, widely regarded as the best performing noble metal catalyst for the HER.
To evaluate the durability of as-prepared catalyst, the cyclic durability, as well as long term stability, was investigated, and the results are presented in Fig. 10(a) . Long-term cycling experiment (up to 22 hours) was performed for PMSTB by recording 10,000 cycles from 0 V to -0.2 V vs. RHE. As shown in Fig. 10(a) , the polarization curve shows no loss in current density after 10,000 CV cycles, though the performance marginally improves with time, which may be due to the improved interfacial contact and possible Pt dissolution/ redeposition at the PMSTB surface, which may yield an increase in the HER active sites. The long term stability test was performed by chronopotentiometry measurements to evaluate the catalyst capability of sustaining a 10 mA/cm 2 cathodic current over a 12 hr period (see inset of Fig. 10(a) ). The catalyst PTB shows the initial decay of HER performance up to 3 hr of 55, 65 . To understand the structural stability of the catalyst, the Raman spectra of MSTB were recorded before and after the PEC reaction. The crystallinity and stability of both TiO 2 (B) and MoS 2 components are observed to be retained under the PEC reaction, as evident from Fig. S6 (Supporting Information). However, the relative intensity of MoS 2 characteristic peaks slightly decreases after the reaction, which may be due to oxidation and associated introduction of defects in the MoS 2 layers. One additional Raman peak is detected at ~820 cm -1 after the PEC reaction, which may be assigned to the M=O bond 66, 67 resulting from the marginal oxidation of MoS 2 in the acidic media. However, chronopotentiometric measurement shows that the MSTB catalyst exhibits excellent stability towards HER activity up to 12 hr, confirming the non-photocorrosive nature of our catalyst.
We believe that the interplay between Pt and MoS 2 interfaces, which ultimately results in enhanced HER performances, is not just the synergistic effect of Pt promotion of initially inactive MoS 2 sites and reduction in the TiO 2 bandgap, but also the mechanical anchoring provided by MoS 2 and the inherently high Pt HER electroactivity and conductivity.
In addition, appropriate band bending at the multiple interfaces sweeps away the charge carriers and allow them to participate in the enhanced HER activity.
Mechanism of enhanced HER activity
Though MoS 2 is known as a catalytically active material, poor charge transport in the basal plane is often responsible for it inferior HER performance. Fabrication of edge-exposed MoS 2 and activation of the inert basal plane through Pt doping or extrinsic S vacancy generation have proven to be successful strategies to trigger superior HER electrocatalytic activities. [68] [69] [70] In this study, few-layer MoS 2 with a high density of catalytically-active edge- NPs can also serve as advantageous metallic current collector nodes to facilitate lower resistance transport pathways of photo-excited electrons from TiO 2 domains to Pt NPs through MoS 2 (see Fig. 10(b) ), improving the overall conductivity. 4 Hence, significantly enhanced HER activity was observed by PMSTB with a minimum charge transfer resistance of 14 Ω and a maximum exchange current density of 0.296 mA/cm 2 . Additionally, the modification by H 2 SO 4 decreases the work function of TiO 2 , which changes its conduction band offset. 71 A schematic illustration of the excitation of electrons and their separation through two interfaces under the light irradiation is shown in Fig. 10(b) and this results in the superior HER performance of the composite system. The structural defects and porous Sdoped TiO 2 surface also promotes a closer interaction between MoS 2 and TiO 2 during solvothermal synthesis (i.e. higher availability of nucleation sites), which may be responsible for the catalytically active n-type doped structure of MoS 2 NFs. The detection of hydrogen gas during the electrocatalysis experiment and its quantification was made by the gas chromatography measurement and the results are presented in Fig. S10 and Fig. S11 , respectively (supporting information).
On a separate note, the adsorbed hydroxyl group in TiO 2 lattice increases greatly after the decoration of MoS 2 layers (32.7%), which further enhances to 47.3% after the loading of Pt NPs on MSTB, as confirmed from XPS analysis. As the Volmer-Tafel HER mechanism is governing the HER performance in our HS catalysts, the higher presence of hydroxyl groups at the PMSTB electrode, known to facilitate electroadsorbed hydrogen desorption, may promote the rate-limiting electrochemical desorption step involving hydrogen gas formation.
Conclusion:
In summary, the hierarchical Pt@MoS 2 /TiO 2 HS has been successfully grown via a three-step chemical process, which consists of solvothermal fabrication of TiO 2 (B) NBs, its surface decoration by discrete few-layer MoS 2 by hydrothermal method followed by an in- layer, with significant enhancement in the exchange current density. With the loading of 1.4
wt% Pt NP on MSTB, the onset potential, and the corresponding Tafel slope are reduced drastically to -9 mV and 30 mV dec -1 , respectively, with dramatically improved exchange current density (0.296 mA/cm 2 ). The Pt NP-supported HSs exhibit a giant enhancement in 
